Background: Forests and wide-spaced trees are used widely in New Zealand to control erosion from shallow landslides. Species that offer similar or better levels of protection to those currently used are sought to meet future needs. Determining what plants to use and when they become effective is important for developing guidelines and policy for land management. This study aimed to obtain data on above-and below-ground plant growth for young exotic tree species considered potential candidates for future 'erosion control forests'. Methods: The above-and below-ground growth of nine exotic tree species was assessed annually for 3 years from planting in a randomised block field trial. Whole trees were excavated and destructively sampled and several below-ground metrics (total root length of all roots > 1 mm in diameter, lateral root spread, total root biomass) assessed. Results: Differences between species for most metrics at the time of planting carried through to Year 3. The best performing species across most metrics was alder, followed by blackwood, cherry, and cypress. Allometric models relating total root length and below-ground biomass to root collar diameter were established. Conclusion: Top performers with regard to root metrics were alder, cherry, and cypress followed by blackwood, radiata, and redwood. Root information contributes to improving our understanding of how and when, and at what planting density, plants become effective for controlling erosion in New Zealand.
Background
The New Zealand plantation forest estate is dominated by Pinus radiata D.Don (radiata pine) with this one species occupying 90 % of the plantation estate (New Zealand Forest Owners Association 2013). Outside plantation forests, Populus and Salix species (often planted as single trees or wide-spaced groups of trees) are the most common exotic species and are used extensively for soil conservation and river control across New Zealand (Douglas et al. 2011) . In spite of the widespread use of exotic species in New Zealand's managed (i.e. non-conservation) lands, there are a number of factors that are likely to shape future New Zealand production forests. These include: the sustainability of the New Zealand forest industry, in particular its resilience in the face of climate change (Ministry of Agriculture and Forestry 2008) ; the increasing demand for land for dairying (New Zealand Forest Owners Association 2013); and a move towards species diversification to reduce potential threats from disease or insect damage. There is also likely to be an increasing focus on non-wood production benefits (values or ecosystem services) from forests (plantations or natural) in the future (O'Loughlin 2005; Smaill et al. 2014) . Of those services (amenity value, bioenergy production, carbon capture, biodiversity, and erosion control), the use of forests for controlling or reducing the impacts of rain events (storms) on erosionsusceptible land has continuing importance for many regions of New Zealand. Forests, together with wide-spaced erosion control or soil conservation trees, also continue to be actively promoted as erosion mitigation tools integral to sustainable land management in many regions (Ministry of Agriculture and Forestry 2010) .
Forests are generally recognised to provide protection from hydrogeomorphic hazards such as floods, landslides, debris flows, snow avalanches and rockfalls (Sidle et al. 1985; Brang et al. 2001; Sidle and Ochiai 2006; Blaschke et al. 2008 ). An extensive literature exists on the benefits of trees, shrubs and grasses for reinforcing soils to control or reduce both surficial and shallow mass-movement erosion (e.g. Phillips et al. 1990; Marden & Rowan 1993; Stokes et al. 2008 Stokes et al. , 2009 ). Root reinforcement is now recognised as an important factor affecting several hydro-mechanical processes that give rise to the hazards mentioned above (Schwarz et al. 2013 ). However, while it is acknowledged that vegetation imparts additional strength to soil via its reinforcing root network, the amount of information recording the development and growth of a species' root system is sparse, particularly for larger trees (e.g. Mao et al. 2013) . This paucity of quantitative data is largely because obtaining belowground plant information is difficult, time-consuming, and expensive. Thus data sets for individual species over time are not abundant, the sample sizes per age class where these data exist are generally small or limited to one age class only (e.g. Danjon et al. 1999; Mulatya et al. 2002; Docker and Hubble 2008) , and thus the statistical power of many relationships are generally limited by small sample sizes. Nevertheless, such data, be they from replicated trials or from single tree observations, are necessary to both improve our general understanding of a species' performance and to develop, calibrate, and validate either conceptual or quantitative models that incorporate root information for use in predicting the effects of vegetation on slope stability (Ekanayake & Phillips 1999 , 2002 Schwarz et al. 2010; Phillips et al. 2011; Stokes et al. 2014 ) and hence the effectiveness of revegetation policies (Phillips et al. 2013b) .
The on-site benefits of planted radiata pine (Pinus radiata D.Don) forests, on-farm plantings of Populus species, and some New Zealand native species for controlling erosion are relatively well understood even though the amount of quantitative data on their root system development is small (e.g. Phillips & Watson 1994; Phillips et al. 2013a Phillips et al. , 2014 . These benefits include a reduction in shallow landsliding (Marden & Rowan 1993; Phillips and Marden 2005; Douglas et al. 2011; Basher 2013) , reduced rates of earthflow movement (O'Loughlin & Zhang 1986; Marden et al. 2008) , reduced gully erosion (Parkner et al. 2007; Marden et al. 2012) and the retention of soil. Depending on factors such as geology, species, tree density, and slope steepness, plantation forests can be effective in controlling erosion as soon as 5-8 years after planting (O'Loughlin & Zhang 1986; Phillips et al. 2012) .
In recent years, there has been increasing interest among some land owners and forestry stakeholders that species other than Pinus radiata might be better suited to the wider provision of ecosystem services (e.g. Trotter et al. 2005) . However, in a recent survey of foresters and their stakeholders, strong opinions were revealed regarding the relative performance and suitability of various tree species to deliver those ecosystem services from New Zealand's plantation forests (Smaill et al. 2014) . This study demonstrated that many of the opinions held by stakeholders were inaccurate when compared with available data from growth, physiological and ecological studies (Smaill et al. 2014) . These data where they exist, are largely from studies of above-ground growth performance but our understanding of many species' development of below-ground traits required for root reinforcement and erosion control is severely lacking both in New Zealand and more generally internationally (e.g. Stokes et al. 2009; Phillips et al. 2011) . However, although limited in many cases, data on root spread, root depth, and total root length, can and have been used to compare, at least in a general sense, the performance of a species in terms of effectiveness for erosion control (Phillips et al. 2011; Stokes et al. 2009; Phillips et al. 2013a Phillips et al. , 2014 . These data are required to underpin needs identified by both researchers and practitioners alike concerning the ecological mitigation of hillslope instability (Stokes et al. 2014) .
To address this lack of basic below-ground information, a field plot trial was established to provide early growth data and observations on the "coarse" 1 root development of nine exotic tree species (Table 1) . Species selection was not based on any assessment using rigorous criteria. Rather, the species selected are common, are in widespread use by farmers and farm foresters across New Zealand, and were readily obtainable from New Zealand nurseries. Researcher consensus narrowed potential candidates down to the final nine. Data were collected in such a way that they could be directly compared with existing data (mostly for radiata pine). This paper reports on the observations and results of that trial, compares results with other species for which below-ground New Zealand root data exist, and then briefly discusses the implications for their use in erosion control. Our focus for the latter is on the use of trees to mitigate shallow landsliding (i.e. shallow landslides (soil slips), debris avalanches, debris flows, earthflows) rather than on surface erosion (slopewash, dry ravelling, etc.) because the former are the main erosion processes of concern in New Zealand's hill country and steeplands (Crozier 2005; Basher 2013 ).
Methods
A randomised field plant trial with three "replicates" in two blocks of each of nine species grown over 3 years (81 plants) was established in July 2010 near Gisborne, North Island, New Zealand. Species names, common names, and nursery treatments are listed in Table 1 . The trial was established on the same site as earlier trials that examined root growth of both native and exotic species Phillips et al. 2014) . The field site is located on a low-lying, even-surfaced near-flat alluvial terrace adjacent to the Taraheru River (Fig. 1) . The soil is free-draining, Te Hapara soil (Typic Sandy Brown; Hewitt 2010) and may require irrigation in summer to ensure plant survival. The soil has no physical or chemical impediments to root development to at least about 1.2 m depth, other than a variable-depth water table. Across the site, the soil appeared to be relatively uniform, with a sandy loamy texture. The topsoil was homogenised through a history of cultivation, with no obvious development of tillage pans, though soil density appeared to be greater at depths beyond 0.5 m. The climate is also favourable to tree growth, being warm temperate with average winter low temperatures of about 5°C and average summer highs of 25°C and about 1000 mm annual rainfall. The trial plot (50 × 20 m) was fenced to exclude grazing animals and tilled before plants were established in two side-by-side blocks at 2.5 m spacing according to the trial design.
Seedlings were either grown in-house from locally collected seed or supplied by a commercial/research nursery in Rotorua (Scion pers. comm.) (Table 1 ) and were typical of what would be supplied to farmers or foresters (Fig. 2) . Thus, the physiological age of each species was not consistent and results are presented as "years since planting" (i.e. Year 0 being material as supplied from the nursery, Year 1 after one year's growth in the trial plot, etc.) and species like alder, cherry, and oak were considerably larger at time of planting than radiata and Douglas-fir (Table 1; Figs. 2 & 3) . As part of commercial nursery practice, seedling roots were conditioned/undercut (i.e. root pruned). To help ensure the survival of seedlings in the trial plot, weed mat was laid to reduce competition from weeds, trickle irrigation was installed as a precaution against extended dry periods (not required), and wire cages were placed over plants initially to limit browsing damage by hares (Lepus europaeus) and pūkeko (Porphyrio melanotus), a native bird known to pull out small plants.
Measurement methods of both above-and belowground metrics followed well-established procedures used in earlier studies (Watson et al. 1999; Czernin & Phillips 2005; Marden et al. 2005; Phillips et al. 2014) . Various metrics or traits have also been used to help assess species performance in terms of erosion-control effectiveness (Stokes et al. 2009; Phillips et al. 2011) . In this study, above-ground metrics included tree height, canopy spread (i.e. canopy diameter), root-collar diameter (RCD -measured at ground level) and diameter at breast height where applicable (DBH -measured 1.4 m above ground level). Above-ground biomass was measured separately for foliage, branches and stem. Foliage was not present at the time of extractions in the deciduous species. Maximum depth, spread of lateral roots, total root length of all roots > 1 mm in diameter, root diameter size class distribution, and total below-ground biomass were assessed. Lateral root spread together with canopy spread, was taken as the average of the maximum diameters measured by tape measure in two directions at right angles, approximating a N-S and E-W line. The long axis of the field plot was oriented approximately N-S. Plants were extracted and measured each year about the anniversary of the planting date (Year 1, Year 2, and Year 3). Trees of each species were extracted in July 2011 after 1 year in the ground. Year-2 extractions were conducted in late June and early July 2012 after 2 years in the ground. Year-3 and final extractions took place in late May and early June 2013. Root systems were extracted using an air spade (an ultrasonic high pressure device to disaggregate and remove soil from around the roots) or by hand, particularly in the first year (s) when plants were small. Once removed from the ground, the plants were destructively sampled to determine the parameters outlined above, all of which could then be related to over bark root-collar diameter (i.e. groundline diameter or basal diameter at root collar) and over bark diameter at breast height (1.35 m) (when plants grew tall enough). Ten additional sample trees of each species were also destructively sampled at the time of planting (Year 0, i.e. seedlings as delivered from the nursery, see Fig. 2 ).
The complete root system of each plant was photographed before the plant was destructively partitioned into 0.5 m radial and depth segments (see Czernin & Phillips 2005) . Roots within each radial segment were further partitioned into diameter size-classes (<1 mm (fibrous), 1-2, >2-5, >5-10, >10-20, >20-50, >50-100 mm) (Watson & O'Loughlin 1990) . Over-bark root diameters of all roots were measured with digital callipers. For each radial segment, total root length for each diameter size-class was determined by placing roots end to end (excluding fibrous roots < 1mm in diameter). Roots were then oven-dried for biomass determination. Both above-and below-ground components were oven-dried at 80°C for 24 h then weighed to the nearest 0.1 g. Though three alders survived through to Year 3, one tree only was randomly selected for full excavation and processing as resources were insufficient to deal with the remaining two due to their large size and the time to extract and process them (on average more than 3-4 days per tree for a team of four people).
While it is acknowledged that obtaining powerful statistical relationships for many root parameters due to small sample sizes is difficult, it is possible to move beyond simple empirical observations where sufficient sample numbers exist. Differences in growth characteristics among tree species within each year of the trial were determined using 2 × 2 factorial analysis of variance (ANOVA) blocked by planting blocks (GenStat 12; VSN International, Hemel Hempstead, UK). Analysis of differences within each tree species over the course of the trial was also undertaken using ANOVA. Analyses were considered significant if P < 0.05. Some of the data were transformed (log10) for ANOVA following residual normality analysis. Nevertheless, all results are presented as untransformed means and standard errors of the means, unless otherwise stated.
Results

Survival and general description of root systems
There were minor losses of blackwood, redwood and eucalypt soon after planting due, we suspect, to browsing by animals (rabbits -Oryctolagus cuniculus; hares; and pūkeko) or from the water table rising into the rooting zone over the winter months and causing subsoil waterlogging. Douglas-fir showed initial signs of stress due to a post-planting 'wet period' but losses at Year 1 were not severe enough to compromise the objectives of the trial. However, at Year 2, all Douglas-fir had died. Other trees (5 of 24), also sustained 'damage' in the second year of the trial, exhibiting broken branches or toppling likely caused by wind. At Year 3, 19 of the 27 trees marked for extraction had survived. Of these, blackwood, alder and radiata had three surviving replicates with the other species having only two each.
The nine trialled species were a mix of evergreen and deciduous trees and exhibited a range of tree form. Canopy shape and density were variable with some species having a bushy shrub-like appearance and others more streamlined canopies and forms. In a similar manner, the below-ground appearance of the root systems was also variable. Several species had low root density (i.e. low numbers of roots per m 2 of soil) and elongated "spidery" lateral roots with few small side branches (low root branching order) (blackwood, eucalypt, oak) (Fig. 3 ). Alder and cherry had dense branching lateral root systems with high root numbers (high root density and high root order) while redwood and cypress had similar dense root systems, but many fine long branching roots.
Radiata had long laterals with limited branching order, similar to blackwood but with a greater number of short branch roots on the main laterals. Alder, redwood and cypress roots were reddish in colour, radiata orange, blackwood and oak pale brown, cherry pale brown to white, and eucalypt dark brown.
Growth performance parameters
Visual and quantitative differences among species for most metrics at the time of planting carried through to Year 3. At both 2 and 3 years from planting, the best performing species across most metrics was alder, followed by blackwood, cherry, and cypress (Tables 2, 3, 4 & 5, Figs. 3, 4, 5, 6 & 7) . Alder was the tallest tree at Year 3 (6.4 m maximum tree height) with cypress (4.9 m) and eucalypt (4.0 m) also performing well (Fig. 4) .
Largest root spread was in a Year-3 blackwood at 10.3 m with one Year-2 blackwood having 9.0 m root spread. The Year-3 alder had a root spread of 7.7 m, though one Year 2 tree had a spread of 8.5 m. Blackwood had a mean root spread of 6.9 m, eucalypt 4.5 m, and cherry was 3.2 m. Overall, blackwood and alder had significantly greater root spread than the other species at Year 2 (P < 0.001) although there was no statistically significant difference between any of the tree species in Year 3 due to large variation in growth within a particular species, even though visibly the Year-3 root systems looked larger than those in year 2 (Fig. 5) . Root depth was variable (total mean range at Year 2 was 0.18 -0.45 m) among species and trends established in Year 1 continued through to Year 3. Alder roots were significantly deeper than the other species in Year 3, and roots did not go deeper than about 0.5 m in any year of the trial.
Mean above-ground biomass (AGB) of Year-3 cypress was 29 kg with the largest of the two trees having 46 kg above-and 8 kg below-ground (including root bole or stump). Alder was the next best performing species in mean total biomass and had the greatest below-ground biomass (BGB) of all species at both Year 2 and 3, closely followed by cherry. However, statistically there was no difference between species in both above-and below-ground biomass at Year 3, largely because of the wide range in values for cypress and cherry (big error bars) (P = 0.130 for AGB and P = 0.365 for BGB) (Fig. 6) .
Alder had the greatest total root length (all roots >1 mm in diameter) of the trial species at Year 2, ranging from 1347 to 2262 m. A Year-2 alder had the greatest total root length of all trees excavated at 2262 m, considerably more than the random Year-3 alder chosen for excavation (1268 m). At Year 3, the excavated alder had a significantly greater root length than the other species (P = 0.006) but was not significantly different from cypress (Fig. 7) .
The distribution of total root length by root diameter class about the stem shows two distinct patterns (Table 6) . Firstly, oak, redwood and radiata have greater than 50 % of their total root length within 1 m of the stem, and show a rapid linear decline in total root length with radial distance. The remaining species, apart from eucalypt, have less than 40 % of their total root length within 1 m of the stem, and show a pattern of increasing total root length with distance from the stem to a maximum at about 1.5-2.0 m and then declining (Fig. 8) . Greatest total root length was found in the finest root diameter class (1-2 mm) independent of radial distance from the stem, except for alder at 3.5 m distance from the stem where there was more total root length in the >2-5 mm diameter size class than the 1-2 mm class (Table 6 ). Total root length declined as roots increased in diameter and the thickest roots were found close to the stem.
In terms of growth differences within species between years, for most trialled species and for most metrics, there were significant differences between years. The metrics that tended to show no difference were root length and root:shoot ratio for most species although alder and blackwood were significantly different between Year 0, 1 and 2 but Year 2 and 3 were the same (P < 0.001).
For individual metrics, Year-0 data tended to show the most differences between species, although for each metric, different species grouped differently. Across all metrics, alder by being larger at the time of planting tended to be the best, or in the group of best performers for each year.
Allometric relationships
Allometric relationships are used to predict tree growth on the basis of easy-to-measure aboveground parameters such as diameter at breast height Table 7 for total root length and belowground biomass.
In a similar manner, allometric relationships can be generated if all the data are combined (Equations 1 and 2). 
Discussion
The differences in initial height among species is probably the biggest factor in interspecies variation in the parameters measured for the early years of growth, though the physiological age of all species was roughly similar (Table 1) . Species like alder, cherry, and oak were considerably larger at time of planting than radiata and Douglas-fir (Fig. 2) , and this continued to show for the first year or two of growth in the trial plot. Rather than having planting materials of the same size and grade, our trial used "nursery-raised" planting grades as would normally be used by the forestry or "land management" sectors. This may have been a shortcoming in trial (830) 4347 (1146) 11106 (377) 3833 (759) 301 (171) Total BGB d (g) 65 (28) 523 (250) -138 (65) 2088 (910) 1675 (1403) 8438 (1212) 1037 (582) 52 (22) Total root mass e (g) 49 (22) 350 (166) -81 (40) 1699 (748) 1275 (244) 7091 (1279) 801 (510) total below-ground biomass including stump/root bole, e total root mass excluding the stump/root bole design. In hindsight, it would have been preferable for seedlings to have been of the same size/grade, though the growth in early years probably reflects the actual performance and practice of nursery-raised and supplied stock. However, in another trial but using native species, where size at planting and nursery treatment were highly variable, in the first 3-5 years no difference was found in survival or growth between plants raised in openground compared with those grown in larger containers for the shrub hardwood and monocot species trialled (Cole et al. 2014) . While differences in performance existed in the early years post-planting, by Year 3, some of the smaller seedlings such as radiata, redwood, and cypress had "caught up" to the better early performers and exhibited strong growth between Years 2 and 3. While general observations can be made about plant performance in early years as above, it is accepted that real differences between species are unlikely to emerge until the plants are considerably older -at least beyond 4 years from planting.
The differences observed in plant growth may also be attributed to environmental factors such as the presence of a high water table at the time of establishment, which for some species such as Douglas-fir may have been an inhibiting factor and ultimately was probably responsible for their non-survival, while in others such as alder it may have enhanced growth. The rapid growth of alder may also be due to it being both a natural coloniser species and its ability to fix nitrogen. Edaphic factors such as soil type are often cited as the major controlling factor on plant growth (e.g. Phillips and Watson 1994) . However, the trial site was reasonably uniform and the soil being a sandy loam without stones provided an ideal growing medium that did not impede the lateral root growth of the plants. However, the presence of the seasonal water table and apparent increase in soil density beyond 0.5 m depth may have limited the development of vertical root growth.
After 3 years' growth, it is clear that some species outperformed others in terms of the metrics deemed important for soil reinforcement and hence erosion control (e.g., total root length, root depth, root spread, etc.) . Whether these levels of performance persist beyond 3 years is unknown. Notwithstanding the limited sample sizes or the fact that the trial site may have been more or less favourable than others for establishment and juvenile growth, it may still be possible to compare "performance" metrics with other species for which root data exists. Comparing species grown in earlier trials on the same site with those from this study suggest that in terms of total root length, the best performing species from this trial exceeded those of native woody species but are less than poplar and willows grown from poles after 3 years (Phillips et al. 2014 and from unpublished data) .
The primary objective of this study was to assess potential candidates for future 'erosion control forests' so comparisons with the root characteristics of the most commonly used species in New Zealand forestry (radiata Table 6 Mean total root length (m) by root diameter size class (mm) with radial distance from stem (m) (Continued) pine) are important. However, direct comparisons for many attributes are not possible largely because earlier studies of radiata root systems only examined "structural roots", i.e. those greater than 2 mm in diameter. In addition, these earlier studies did not examine or report the radial distribution of root information. To enable comparison with previous studies, the 1-2 mm diameter class information has to be removed from the current results. For example, three-year-old radiata mean total root length > 2mm diameter from this study was 42.5 m (n = 3, range 9 to 62 m). This is similar to that reported for a Tauranga trial (56 m, n = 5) and more than from a Taranaki trial (15 m, n = 5) Tombleson 2002, 2004) . It was, however, considerably less than from a hillslope growth factor trial of 3-year-old radiata plantings, which had a mean root length of 95.5 m (n = 25) (Marden unpublished data) . Further, mean total root lengths > 2 mm diameter for alder (512 m, n = 1), cypress (232 m, n = 2) and cherry (121 m, n = 2) exceed all reported values for radiata total root lengths at age 3. It is not possible to compare total root length by root diameter and distance from the stem for radiata as these data are not available from those earlier studies. As might be expected, the coarsest roots are located closest to the stem in all the species trialled. Lateral roots closest to the stem tend to increase diameter growth in response to an abiotic stress such as wind or slope (Telewski 1995) . Cherry had the greatest length of roots in the largest diameter class (50-100 mm). All species had some roots in the 20-50 mm diameter class. Alder (5.2 m), cherry (3.5 m), and radiata (2.2 m) had the greatest length of roots in this diameter class. The mean maximum root spread for each trialled species shows a similar pattern to that for total root length > 1 mm, with alder (7.7 m), blackwood (6.9 m) and cypress (5.6 m) having the greatest lateral root spread. Alder and cypress also have greater root density and a more even proportion of total root length from the stem as well as occupying more soil around the stem than the other species tested (Fig. 3 , Table 6 ). The mean maximum root spread of radiata from this trial at Year 3 (3.3 m) was close to that recorded from a growth factor seedling trial on a hillslope near Gisborne (3.8 m) (Marden unpublished data).
Use of trialled species for erosion control
Several of the trialled species have specifically been recommended for, or are commonly used for, erosion control in New Zealand (e.g. Van Kraayenoord and Hathaway 1986) and elsewhere (e.g. USDA Natural Resource Conservation Centre United States Department of Agriculture and Natural Resources Conservation 2014). Alder species, for example, are used in many countries as parts of bioengineering control programmes (e.g. Naghdhi et al. 2013; Stokes et al. 2009 ). Further, some of the trialled species have uses beyond soil stabilisation, such as for timber production (e.g. blackwood, redwood) while others are often used for amenity or aesthetics (cherry, oak). Overall, in terms of their potential for root reinforcement and erosion control, the top performers from this trial were alder, cherry, blackwood, radiata, and redwood, with eucalypt and oak showing the least potential largely because their total root lengths were the lowest. It is not possible, however, to provide details on factors that might limit either the establishment of, or use of any particular trialled species across New Zealand as the variation in site requirements are wide in relation to optimum performance. However, the fact that many of these species can be seen growing in a wide range of climatic, soil type, and slope positions across New Zealand suggests that they may be able to be established.
Metrics such as total root length can be used to infer the potential soil reinforcement capability of species through either direct comparison or through modelling site occupancy (Phillips et al. 2011) . Results from this trial when compared with those from earlier studies grown on the same site under similar climatic conditions Relationships are shown between root collar diameter and total root length >1 mm diameter (m) and below-ground biomass (g)
as outlined above, indicate a wide range of performance (Fig. 9) . The similar root attributes of alder to the currently preferred soil conservation species poplar and willow (rapid growth, extensive lateral spread) suggest it is a prime candidate for consideration as an erosion control species (notwithstanding potential issues such as 'wildling' spread; e.g. Stanley 2002 ). This supports the view that some introduced species, many of which may be colonising species in their country of origin, may make excellent candidates for use in soil conservation and for controlling shallow landslide erosion (van Kraayenoord and Hathaway 1986). For example, alders have been widely used for revegetating and ameliorating infertile industrially disturbed sites in Europe, the U. S. and Japan and Italian alder (Alnus cordata (Lois.) Desf.) has been used to consolidate landslips (ibid). Because tree root excavations are time-consuming, only a limited number of investigations of whole tree/ plant root systems have been carried out in New Zealand and internationally. Further, time-series growth performance trials in which below-ground tree growth attributes such as biomass, root architecture, and total root length are assessed, are also limited. Many studies, including this one, involve assessment of only one, or a few specimens, of different ages and usually from only one site. This restricts the data available to make inter-species comparisons and also limits the capability to develop statisticallyreliable predictive models/tools. However, by using simple allometric relationships such as described above, it may be possible to begin to model more complex relationships between plant numbers, plant performance, and time since planting to assess when forests or groups of trees begin to contribute significantly to soil reinforcement and slope stabilisation (e.g. Schwarz et al. 2013 ). This would help meet a need identified by Stokes et al. (2014) to allay fears in the civil and geotechnical engineering communities, who are still wary about using soft engineering structures and associated vegetation.
Conclusions
This trial of nine exotic tree species has provided important new information and expanded the knowledge base of root growth and performance of young tree species in New Zealand. When compared with similar age Pinus radiata root information, all the trialled species other than Douglas-fir (which did not survive) showed some potential for use in erosion control based on their root attributes. However, root-system development beyond the term of this trial and its limitation to only one site and soil type, precludes more definitive statements on the widespread use of the trialled species for erosion control across New Zealand. The best overall performer was alder with cherry, cypress, blackwood, and redwood also performing well across the range of metrics assessed.
Though based on limited data, regression relationships established for individual species between above-and below-ground growth parameters at different stages of growth, are useful for determining planting density requirements for situations where trees are the preferred soil conservation practice to prevent shallow landslides on New Zealand's erosion-prone hill country. These relationships assist in determining when canopy closure or root site occupancy will occur (Phillips et al. 2011 ) which in turn helps determine when that species might become "effective" in terms of providing an erosion control function. However, the paucity of below-ground tree root data globally still limits our ability to develop and refine predictive models for different species and to refine or Fig. 9 Total root length (roots > 1 mm diameter) from this trial (solid blue bars) compared with existing 3-year-old data from other species trialled at the same site. Mean values except for toe toe, carex, alder, poplar, and willow. Native species (green diagonal shading - Marden et al. 2005) . Poplars (V = 'Veronese'; K = 'Kawa') and willow (lightly stippled bars -C. Phillips unpublished data). * = 2-year-old data enhance recommendations on tree density and pattern to achieve erosion control. Root observations such as those presented here make a contribution to improving our understanding of how and when, and at what density, plantings become effective for controlling erosion. However, the statistical power of relationships reported here, are acknowledged as being weak, and reflect the generally low sample numbers obtained in most international root system studies for trees beyond a few years old.
If similar trials are contemplated in future to obtain accurate interspecies comparisons in the early years of plant growth, it is recommended that plant materials should be of a similar size at the time of establishment where possible and of similar physiological age, even though nursery and planting practices result in different sized materials being sold and planted.
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